UCYN-A3, a newly characterized open ocean sublineage of the symbiotic N2-fixing cyanobacterium Candidatus Atelocyanobacterium thalassa by Cornejo Castillo, Francisco M. et al.
UC Santa Cruz
UC Santa Cruz Previously Published Works
Title
UCYN-A3, a newly characterized open ocean sublineage of the symbiotic N2-fixing 
cyanobacterium Candidatus Atelocyanobacterium thalassa
Permalink
https://escholarship.org/uc/item/4s3426q3
Journal
Environmental Microbiology, 21(1)
Authors
Cornejo Castillo, Francisco M.
Muñoz-Marin, Maria del Carmen
Turk-Kubo, Kendra A.
et al.
Publication Date
2018-09-25
Data Availability
The data associated with this publication are within the manuscript.
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
	 1	
UCYN-A3, a newly characterized open ocean sublineage of the symbiotic N2-fixing 1	
cyanobacterium Candidatus Atelocyanobacterium thalassa  2	
 3	
Francisco M. Cornejo-Castillo1,2,#, Maria del Carmen Muñoz-Marin1,3,#, Kendra A. Turk-4	
Kubo1, Marta Royo-Llonch2, Hanna Farnelid1,4, Silvia G. Acinas2, Jonathan P. Zehr1 5	
 6	
1 Department of Ocean Sciences, University of California, Santa Cruz, CA 95064, USA. 7	
2 Department of Marine Biology and Oceanography, Institut de Ciències del Mar (ICM), 8	
CSIC, Pg. Marítim de la Barceloneta 37-49, 08003 Barcelona, Spain. 9	
3 Departamento de Bioquímica y Biología Molecular, Edificio Severo Ochoa, planta 1, 10	
Universidad de Córdoba, 14071-Córdoba, Spain. 11	
4 Centre for Ecology and Evolution in Microbial Model Systems (EEMiS), Linnaeus 12	
University, 392 34 Kalmar, Sweden. 13	
 14	
# These authors contributed equally to this manuscript. 15	
 16	
Corresponding author:  17	
Email: b32mumam@uco.es 18	
 19	
 20	
Abbreviations: N2, dinitrogen; UCYN-A, unicellular cyanobacterial group A; nifH, 21	
nitrogenase; DAPI, 4′, 6- diamidino-2-phenylindole; CARD-FISH, Catalyzed Reporter 22	
Deposition-Fluorescence In Situ Hybridization; NGS, next-generation sequencing; DCM, 23	
deep chlorophyll maximum. 24	
 25	
	 2	
Summary 26	
The symbiotic unicellular cyanobacterium Candidatus Atelocyanobacterium thalassa 27	
(UCYN-A) is one of the most abundant and widespread nitrogen (N2)-fixing cyanobacteria in 28	
the ocean. Although it remains uncultivated, multiple sublineages have been detected based 29	
on partial nitrogenase (nifH) gene sequences, including the four most commonly detected 30	
sublineages UCYN-A1, UCYN-A2, UCYN-A3 and UCYN-A4. However, very little is 31	
known about UCYN-A3 beyond the nifH sequences from nifH gene diversity surveys. In this 32	
study, single cell sorting, DNA sequencing, qPCR and CARD-FISH assays revealed 33	
discrepancies involving the identification of sublineages, which led to new information on the 34	
diversity of the UCYN-A symbiosis. 16S rRNA and nifH gene sequencing on single sorted 35	
cells allowed us to identify the 16S rRNA gene of the uncharacterized UCYN-A3 sublineage. 36	
We designed new CARD-FISH probes that allowed us to distinguish and observe UCYN-A2 37	
in a coastal location (SIO Pier; San Diego) and UCYN-A3 in an open ocean location (Station 38	
ALOHA; Hawaii). Moreover, we reconstructed about 13% of the UCYN-A3 genome from 39	
Tara Oceans metagenomic data. Finally, our findings unveil the UCYN-A3 symbiosis in 40	
open ocean waters suggesting that the different UCYN-A sublineages are distributed along 41	
different size fractions of the plankton defined by the cell-size ranges of their prymnesiophyte 42	
hosts. 43	
  44	
 45	
 46	
 47	
 48	
 49	
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 51	
Introduction 52	
Biological nitrogen (N2) fixation is a fundamental biogeochemical process in the 53	
ocean, whereby N2 gas is reduced to ammonia, which supports primary production (Sohm et 54	
al., 2011; Karl et al., 2012). It has been long thought that the most important N2-fixing 55	
microorganism (“diazotroph”) in the open ocean was the free-living cyanobacterium 56	
Trichodesmium (Luo et al., 2012). However, it is now clear that marine N2-fixing 57	
cyanobacteria are more diverse and include a wide range of lifestyles, including symbionts 58	
such as the unicellular cyanobacterium Candidatus Atelocyanobacterium thalassa, commonly 59	
known as UCYN-A (Zehr and Turner, 2001; Thompson and Zehr, 2013). UCYN-A lives in a 60	
mutualistic partnership with an uncultivated unicellular alga, a prymnesiophyte, closely 61	
related to Braarudosphaera bigelowii (Thompson et al., 2012). This symbiosis is based on 62	
the exchange of carbon and nitrogen between partners (Thompson et al., 2012; Krupke et al., 63	
2013), which explains how UCYN-A can thrive in oligotrophic environments despite lacking 64	
important biosynthetic pathways (Tripp et al., 2010). 65	
 The nitrogenase (nifH) and 16S rRNA gene sequences of UCYN-A have been 66	
reported in a wide variety of oceanic environments (Zehr and Turner, 2001; Thompson and 67	
Zehr, 2013) which has suggested it has a major role in global N2 fixation (Moisander et al., 68	
2010; Farnelid et al., 2016; Martínez-Pérez et al., 2016; Turk Kubo et al., 2017). Recent 69	
phylogenetic analyses based on partial UCYN-A nifH gene sequences have shown that there 70	
are at least four distinct sublineages, UCYN-A1, UCYN-A2, UCYN-A3 and UCYN-A4 71	
(Thompson et al., 2014; Farnelid et al., 2016; Turk Kubo et al., 2017). The UCYN-A1 and 72	
UCYN-A2 genomes have been sequenced (Tripp et al., 2010; Bombar et al., 2014). Using 73	
cell sorting and qPCR it was discovered that the UCYN-A2 sublineage is specifically 74	
associated with B. bigelowii while UCYN-A1 is associated with a smaller, but closely-related 75	
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prymnesiophyte (1-3 µm) (Thompson et al., 2012; Thompson et al., 2014). The hosts of the 76	
other UCYN-A sublineages are not yet known. Curiously, the UCYN-A2 symbiosis observed 77	
by Cabello et al. (2015) was only half the diameter of that originally described (Thompson et 78	
al., 2014), suggesting that UCYN-A2 symbiosis in the open ocean was smaller than in coastal 79	
sites (4-5 µm compared to 7-10 µm). However, the FISH probe used at that time targeted all 80	
UCYN-A clades (Krupke et al., 2013) making it impossible to distinguish between UCYN-A 81	
sublineages. Eventually, 16S rRNA gene sequences of UCYN-A1 and UCYN-A2 and 18S 82	
rRNA gene sequences of their respective hosts made it possible to design CARD-FISH 83	
probes that differentiated UCYN-A1 and UCYN-A2 sublineages (Cornejo-Castillo et al., 84	
2016). Metagenomic analysis of size-fractionated samples from the Tara Oceans expedition 85	
showed that the UCYN-A1 genome was recovered in the small size-fraction (0.2-3 µm), 86	
whereas the UCYN-A2 genome was found in the 0.8-5 and 5-20 µm size-fraction, in 87	
agreement with all previous observations of size of the symbiosis by CARD-FISH and qPCR 88	
of flow cytometry sorted cells (Thompson et al., 2014; Cabello et al., 2015; Cornejo-Castillo 89	
et al., 2016). 90	
Recent studies have shown that UCYN-A1 and UCYN-A2 symbiosis both have wide 91	
global distributions and that they often coexist in space and time (Cabello et al., 2015; 92	
Martínez-Pérez et al., 2016; Turk Kubo et al., 2017; Gérikas et al., 2018; Stenegren et al., 93	
2018). A third phylogenetically distinct group, UCYN-A3, appears also to have a global 94	
distribution, and is commonly detected in oligotrophic waters, including at Station ALOHA 95	
in the North Pacific Subtropical Gyre (NPSG), and co-occurs with UCYN-A1 (Turk-Kubo et 96	
al., 2017). The UCYN-A4 sublineage has been observed to co-occur with UCYN-A2 in 97	
coastal waters (Turk-Kubo et al., 2017). 98	
In this work, we studied UCYN-A populations in two different oceanic regimes: at 99	
Station ALOHA in the NPSG and in Southern California Coastal Current waters near the 100	
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Scripps Institution of Oceanography (SIO) Pier in La Jolla, CA, USA. We identified the 101	
UCYN-A sublineages that were present in these samples using a PCR assay that specifically 102	
targets the nifH gene from UCYN-A and quantified UCYN-A cell abundances using 103	
quantitative PCR assays for each previously described cyanobacteria/prymnesiophyte pair. 104	
The identification of the UCYN-A sublineages was also carried out using double CARD-105	
FISH assays. We used the 16S rRNA data from single amplified genomes previously linked 106	
to UCYN-A2 and UCYN-A3 by sequencing also the nifH gene to design new CARD-FISH 107	
probes that allowed us to determine cell size ranges and morphological features of UCYN-A 108	
sublineages. We analyzed size-fractionated metagenome sequence libraries collected during 109	
the Tara Oceans expedition in the South Atlantic to detect and reconstruct the genome of the 110	
UCYN-A3, and to determine the evolutionary relationships of the UCYN-A sublineages with 111	
other unicellular N2-fixing cyanobacteria. 112	
 113	
 114	
Results  115	
1. Diversity of UCYN-A  116	
1.1. nifH gene sequences  117	
 UCYN-A diversity was assessed by amplifying nifH gene sequences from the SIO 118	
Pier and from Station ALOHA (Figure 1A). In samples taken in two consecutive summers at 119	
the SIO Pier, the UCYN-A community was defined primarily by three different nifH 120	
phylotypes: OTU00, OTU01, and OTU03 (Figure 1B). OTU00 clusters within the UCYN-121	
A1 sublineage, with relative abundances ranging between 28.8-51.3% of total UCYN-A 122	
nifH sequences. UCYN-A2 sequences were also recovered and the sequence type with the 123	
highest relative abundance was OTU01 (ranging between 43.7-66.1%), which is 100% 124	
identical to the UCYN-A2 nifH sequence reported by Thompson et al. (2014). A third 125	
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sequence type was recovered, OTU03, which clusters with UCYN-A4, a new sublineage 126	
described by Farnelid et al. (2016). The UCYN-A4 sublineage was present during both 127	
years, but relative abundances in 2014 (0.5%) were lower than in 2015 (2.9-6.1%).  128	
 At Station ALOHA, the UCYN-A community was comprised primarily of UCYN-A1 129	
(OTU00) and UCYN-A3 (OTU02) (Figure 1B). UCYN-A1 was the dominant phylotype, 130	
and accounted for 87% of the UCYN-A sequences recovered (Figure 1B). Additionally, the 131	
UCYN-A3 sublineage was also recovered at lower relative abundances and accounted for 132	
9.4% of the nifH sequences. UCYN-A2 sequences were also recovered but at much lower 133	
relative abundance (ca. 0.7%). 134	
 135	
1.2 Visualization of UCYN-A associations 136	
 1.2.1. UCYN-A associations at 2 Pacific Stations (Hawaii and SIO Pier) 137	
 To visualize cells of the different UCYN-A sublineages, and to better define the size 138	
ranges of each of the sublineages in coastal and open-ocean environments, we applied a 139	
double CARD-FISH assay to samples collected at the SIO Pier and at Station ALOHA.  140	
At SIO Pier, the UCYN-A1 host averaged 2.3 ± 0.3 µm (n=100 cells) (Figure 2), and 141	
consistently associated with a single UCYN-A1 cell that ranged between 1.0 ± 0.2 µm in 142	
diameter (n=100 cells) (Figure 3A, B). With an average cell diameter of 7.3 ± 1.0 µm (n=100 143	
cells), the UCYN-A2 host at SIO had between 5-10 UCYN-A2 cells per host with an average 144	
size of 3.3 ± 0.5 µm in diameter of the whole group of cells (n=100 cells) (Figure 2, 3C, D). 145	
 The size of both UCYN-A1 and its prymnesiophyte host did not differ significantly (p 146	
value > 0.05) between the two sampling locations (SIO Pier and Station ALOHA) (Figure 2, 147	
3A, E). However, at Station ALOHA, using the UCYN-A2 and Host-A2 CARD-FISH 148	
probes, the targeted host was significantly smaller, that is 3.6 µm ± 0.7 µm (n=100 cells) in 149	
diameter compared to 7.3 µm at SIO (p value < 0.05) (Figure 2, 3C, G). Based on the 150	
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sequencing results described above from the corresponding DNA samples, where UCYN-A2 151	
was virtually absent, but UCYN-A3 was the second most abundant UCYN-A sublineage, we 152	
hypothesize that the UCYN-A2 CARD-FISH probe targets both UCYN-A2 and UCYN-A3. 153	
  154	
1.2.2. Design of specific CARD-FISH probes for UCYN-A2 and UCYN-A3 155	
The high abundance of UCYN-A previously detected in metagenomic samples of two 156	
Tara Oceans stations located in the South Atlantic Ocean (Cornejo-Castillo et al., 2016) 157	
encouraged us to perform single cell sorting of seawater samples collected in parallel in these 158	
stations. In particular, the single cell sorting of the picoeukaryotic population of the Tara 159	
station St78_SRF combined with the sequencing of the 16S rRNA and nifH genes of the 160	
sorted cells allowed us to identify the 16S rRNA gene sequence of the UCYN-A3 sublineage. 161	
The UCYN-A3 16S rRNA sequence shares 98.9% and 98.6% identity with the UCYN-A1 162	
and UCYN-2 16S rRNA genes, respectively. Interestingly, the UCYN-A2 CARD-FISH 163	
probe matched perfectly with the UCYN-A3 16S rRNA sequences confirming our suspicions 164	
about the lack of specificity of the UCYN-A2 CARD-FISH assay (Supplemental Figure 1). 165	
We designed two new CARD-FISH probes to distinguish UCYN-A2 and UCYN-A3 166	
sublineages and applied the new CARD-FISH probes in samples collected from Station 167	
ALOHA and the SIO Pier (Supplemental Figure 1 and 2). At SIO Pier, both the UCYN-A2 168	
symbiont and its host were detected, but not the UCYN-A3 symbiont. In contrast, at Station 169	
ALOHA, we detected the UCYN-A3 with the UCYN-A2 host, but did not detect the UCYN-170	
A2 symbiont with the UCYN-A2 host. Although we detected the UCYN-A2 host in both 171	
locations, SIO Pier and ALOHA, we cannot be confident that the UCYN-A2 host CARD-172	
FISH probe would not capture closely related, but distinct lineages of B. bigelowii. 173	
 174	
1.2.3. New UCYN-A associations 175	
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 To further target and characterize new UCYN-A associations (other than UCYN-A1 176	
and UCYN-A2), we nonspecifically targeted all UCYN-A cells with the probe UCYN-A1 177	
732 without competitors (universal UCYN-A probe) at both stations (Supplemental Figure 178	
3). The dual labeling with the UPRYM69 probe and competitor allowed us to distinguish the 179	
UCYN-A1 host from other prymnesiophyte-like cells that were associated with UCYN-A. 180	
At Station ALOHA, we did not detect new UCYN-A associations, but at SIO Pier another 181	
UCYN-A association was observed (Supplemental Figure 3). The size of this UCYN-A cell 182	
was similar to the size of UCYN-A1, 0.9 ± 0.2 µm (n=5) and was not significantly different 183	
in diameter (p value > 0.05) (Figure 3A). However, the host cell of this UCYN-A type was 184	
not detected with either the UCYN-A1 or UCYN-A2 host probes. The abundance of this 185	
new UCYN-A association was estimated to be approximately 0.21 cells mL-1, based on 186	
CARD-FISH epifluorescence cell counts. Because sequencing of the nifH gene detected 187	
UCYN-A4 at very low relative sequence abundances (2.9-6.1%), we could hypothesize that 188	
this new symbiosis could be UCYN-A4. 189	
 190	
1.3 UCYN-A and host gene copy ratios 191	
We quantified the gene copy ratios of UCYN-A and hosts in coastal (SIO Pier) and 192	
open ocean (Station ALOHA) regions using previously established qPCR assays (Church et 193	
al., 2005; Thompson et al., 2014) targeting the nifH gene of UCYN-A and the 18S rRNA 194	
gene of the two known hosts (Supplemental Figure 4). We will refer to the UCYN-A2 qPCR 195	
assay designed by Thompson et al. (2014) as UCYN-A2/UCYN-A3, since the UCYN-A2 196	
qPCR primers and probe do not contain sufficient mismatches with the UCYN-A3 sublineage 197	
to prevent cross-hybridization and amplification (Farnelid et al., 2016). 198	
In samples from the SIO Pier, the UCYN-A2/UCYN-A3 and the UCYN-A2 host (B. 199	
bigelowii) gene copy ratios averaged 121 ± 8 nifH copies mL−1 and 477 ± 37 18S rRNA gene 200	
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copies mL−1, respectively, with the host gene copy ratios four times greater than the symbiont 201	
(Supplemental Figure 4). Considering that based on the UCYN-A nifH libraries the UCYN-202	
A3 sublineage was virtually absent in the SIO samples, the UCYN-A2/A3 qPCR assay was 203	
likely detecting and quantifying UCYN-A2. The UCYN-A1 averaged 194 ± 16 nifH copies 204	
mL−1, but the prymnesiophyte host originally described by Thompson et al. (2012) was not 205	
detected using the UCYN-A1 host assay (Supplementary Table 1). 206	
At Station ALOHA, both UCYN-A1 and UCYN-A1 hosts were detected at gene copy 207	
ratios averaging 303 ± 14 nifH copies mL−1 and 335 ± 25 18S rRNA gene copies mL−1, 208	
respectively (Supplemental Figure 4). Likewise, the gene copies of UCYN-A2/UCYN-A3 209	
nifH gene were on average 60 ± 46  nifH copies mL−1 and the 18S rRNA gene of the UCYN-210	
A2 host averaged 20 ± 7.9 rRNA gene copies mL−1 (Supplemental Figure 4). Considering the 211	
results of the UCYN-A nifH libraries where the relative abundance of the UCYN-A2 212	
sublineage was extremely low at Station ALOHA, the UCYN-A2/A3 qPCR assay was likely 213	
detecting and quantifying UCYN-A3. 214	
 215	
 2. UCYN-A3 characterization from metagenomes 216	
2.1 Metagenomic detection of a new UCYN-A population. 217	
During the Tara Oceans expedition, the distributions of the UCYN-A1 and UCYN-218	
A2 sublineages were analyzed by metagenome fragment recruitment at stations TARA_078 219	
and TARA_076 in the South Atlantic Ocean in several plankton size-fractions (0.2-3, 0.8-5, 220	
5-20 and >0.8 µm) (Cornejo-Castillo et al., 2016). In order to detect new divergent UCYN-A 221	
populations, these metagenomes were re-analyzed in this study. 222	
Reads assigned to the UCYN-A1 sublineage (>95% identity with UCYN-A1 genome) 223	
were primarily present in the 0.2-3, 0.8-5 and >0.8 µm size fractions at stations TARA_078 224	
and TARA_076 (Supplementary Table 2), encompassing the cell size ranges of the small 225	
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prymnesiophyte partner (<3 µm) observed in all previous studies (Thompson et al., 2012; 226	
Thompson et al., 2014; Cornejo-Castillo et al., 2016; Martínez-Pérez et al., 2016). 227	
Interestingly, although reads assigned to the UCYN-A2 sublineage (>95% identity with 228	
UCYN-A2 genome) were virtually absent at station TARA_076, we recruited reads showing 229	
sequence identities that ranged from 80-95% with the UCYN-A2 genome in metagenomes 230	
covering both the 0.8-5 and >0.8 µm size-fractions (Figure 4, Supplementary Table 2). The 231	
recruitment of these divergent metagenomic reads occurred within the size-fraction 232	
corresponding with the cell size-range of the UCYN-A3 symbiosis (3.6 µm ± 0.7 µm; n=100 233	
cells) measured at Station ALOHA (Figure 2) suggesting that this new divergent UCYN-A 234	
genome sequence population was the UCYN-A3 sublineage. 235	
 236	
2.2 Metagenomic reconstruction of an environmental UCYN-A3 genome 237	
To gain insight into the gene content of the new divergent UCYN-A3 population 238	
detected in fragment recruitment, metagenomic reads recruited from the 0.8-5 and >0.8 µm 239	
size fractions of the two surface TARA samples (TARA_076 and TARA_078) were co-240	
assembled (Supplementary Figure 5). A total of 180,557 bp of the UCYN-A3 genome, 241	
summarized in 247 contigs containing 293 genes (including the nifH gene), were assembled 242	
(Supplementary Table 3). We reconstructed 13% of the UCYN-A3 genome, assuming that 243	
the genome size of the UCYN-A3 genome was similar to the genome sizes of the two 244	
UCYN-A genomes sequenced to-date (ca. 1.4 Mb). In order to verify the taxonomic 245	
affiliation of the reconstructed genes, every single gene was compared to GenBank using 246	
BLASTN against the nt database. The best hit for almost all of the reconstructed genes was 247	
UCYN-A2. Only one of the reconstructed UCYN-A3 gene sequences (out of 293) had the 248	
UCYN-A1 genome as its best hit. This gene sequence does not have a homologous gene 249	
sequence in the UCYN-A2 genome, likely because we are still missing a few genes in the 250	
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UCYN-A2 genome because the UCYN-A2 genome is not yet closed. In addition, two 251	
reconstructed UCYN-A3 gene sequences do not have homologous gene sequences in the 252	
UCYN-A1 genome, suggesting that the UCYN-A3 genome is more similar in terms of 253	
genome content to UCYN-A2 than to UCYN-A1. Finally, all of the contigs containing more 254	
than one gene had the same gene ordination as in the UCYN-A2 genome. 255	
  256	
2.3 Phylogenomic analysis and evolution of the UCYN-A3 sublineage 257	
A phylogenetic tree was constructed in order to place the new UCYN-A3 sublineage 258	
in its evolutionary context. Maximum likelihood analysis of a total of 165 protein-coding 259	
genes (Supplementary Table 3; genes marked with asterisk) shared by closely-related N2-260	
fixing cyanobacteria confirmed that UCYN-A3, together with UCYN-A1 and UCYN-A2, 261	
form a well-supported monophyletic group (Supplemental Figure 6). Furthermore, UCYN-262	
A3 formed a sub-group with UCYN-A2 (Supplemental Figure 6). 263	
 We explored the possible causes of the evolutionary diversification of UCYN-A3 by 264	
studying the selection pressure acting on the protein-coding genes shared by both UCYN-A2 265	
and UCYN-A3 sublineages. We calculated the number of synonymous or silent (Ks) and 266	
non-synonymous (Ka, inducing amino acid change) nucleotide substitutions in these genes. 267	
The Ka/Ks ratio indicates whether purifying (<1) or positive (>1) selection has happened 268	
between phylogenetically closely-related organisms (McDonald and Kreitman, 1991). We 269	
assessed the Ka/Ks ratio for 291 protein-coding genes shared by the UCYN-A2 and UCYN-270	
A3 sublineage (Supplementary Table 4). We found that only 1 out of 291 genes was under 271	
positive selection, in particular, a gene coding for the subunit I of the cytochrome C oxidase. 272	
The vast majority of the genes, 261 out of 291, were subjected to purifying selection; and the 273	
rest of the analyzed genes were not statistically significant (P>0.05, Codon Based Z-test) 274	
(Supplementary Table 4). 275	
 276	
	 12	
Discussion 277	
UCYN-A3 characterization 278	
To characterize the UCYN-A population structure in two different marine 279	
environments we used a combination of established methods including qPCR assays targeting 280	
the nifH genes of UCYN-A1 and UCYN-A2/UCYNA3 sublineages and the 18S rRNA gene 281	
of the UCYN-A1 and UCYN-A2 hosts, visualization using double CARD-FISH, as well as 282	
Illumina sequencing of the UCYN-A nifH gene fragments. The presence or absence of each 283	
symbiont and its partner at both stations based on the utilization of the different techniques is 284	
summarized in Table 1. The multi-approach strategy revealed some discrepancies between 285	
techniques in the identification of each sublineage that led us to new insights into the 286	
diversity of the UCYN-A symbiosis.  287	
UCYN-A1 nifH gene sequences were detected at both stations at relatively high 288	
abundances, and CARD-FISH analysis indicated consistent morphologies of the UCYN-A1 289	
symbiosis in both environments. The nifH:18S rRNA genes ratio in the UCYN-A1 symbiosis 290	
was close to 1:1 (~0.9) at Station ALOHA, which is consistent with the 1:1 symbiont-host 291	
cell ratio previously observed (Thompson et al., 2014). Zhu and their colleagues suggested a 292	
possible correlation between rDNA copy number and organism size (Zhu et al., 2005). Based 293	
on this correlation, cells 1 µm in diameter would have around 1 rRNA gene copy number 294	
which is consistent with our results. 295	
Based on qPCR and CARD-FISH assays, it originally appeared that UCYN-A2 was 296	
present at both stations. However, our findings suggest that the sublineage detected at Station 297	
ALOHA was in fact UCYN-A3, not UCYN-A2. First, UCYN-A3 nifH amplicon sequences 298	
were present at relative abundances of approximately 10% at Station ALOHA, while UCYN-299	
A2 sequences were virtually absent, which is consistent with a recent report of UCYN-A3 in 300	
the NPSG (including Station ALOHA) by Turk-Kubo et al. (2017). Second, the UCYN-A2 301	
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qPCR assay cannot be used to distinguish between UCYN-A2 and UCYN-A3, as it does not 302	
contain sufficient mismatches to prevent cross-hybridization with UCYN-A3 (and UCYN-303	
A4) sublineages (Farnelid et al., 2016). Finally, the discrepancy in cell sizes of the UCYN-304	
A2 symbiosis observed at the SIO Pier and at Station ALOHA hinted that the CARD-FISH 305	
probes designed to target the UCYN-A2 sublineage also hybridizes to UCYN-A3. For this 306	
reason, new specific probes for UCYN-A2 and UCYN-A3 were designed since the 16S 307	
rRNA gene sequence of the UCYN-A3 lineages was obtained by combining single cell 308	
sorting and sequencing of samples collected from the South Atlantic Ocean by the Tara 309	
Oceans expedition.  310	
The UCYN-A1 and UCYN-A2 symbioses have been reported in most major ocean 311	
basins (Cabello et al., 2015; Martínez-Pérez et al., 2016; Turk Kubo et al., 2017) and UCYN-312	
A3 appears also to have a wide distribution (Turk-Kubo et al., 2017). Therefore using 313	
different data sets was necessary to probe the wide dispersion of this new subclade.	314	
Moreover, this new data set was essential to design a new CARD-FISH assay allowing us to 315	
observe the presence of UCYN-A3 at Station ALOHA as well as its absence at SIO Pier, 316	
indicating that the UCYN-A association originally assumed to be UCYN-A2 at Station 317	
ALOHA was actually UCYN-A3. 318	
Previous studies have also reported a smaller UCYN-A2 host (Cabello et al., 2015; 319	
Martínez-Pérez et al., 2016) suggesting that in the open ocean the UCYN-A2 host might be 320	
smaller (4-5 µm) than in coastal sites (7-10 µm). These studies, where the UCYN-A2 host 321	
was smaller than reported at SIO Pier, were most likely detecting the UCYN-A3 host instead.  322	
Prior to this study, UCYN-A3 had been defined as a sublineage based solely on the 323	
phylogeny of UCYN-A nifH sequences. One of the reconstructed genes from the Tara 324	
Oceans metagenomes was the nifH gene, which was key to identify this new divergent 325	
population as UCYN-A3. However, the present study goes further by defining UCYN-A3 not 326	
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only as a nifH sequence variant but also as a new UCYN-A genomic species, since the partial 327	
reconstruction of its genome revealed a new UCYN-A divergent genome. The phylogenetic 328	
relationship among UCYN-A sublineages showed that UCYN-A3 is closer to UCYN-A2 329	
than to UCYN-A1, and that UCYN-A3 shares a more recent common ancestor with UCYN-330	
A2 than the ancestor shared with UCYN-A1 (Supplemental Figure 6). Therefore, since the 331	
divergence of the UCYN-A1 and UCYN-A2 sublineages was estimated to occur 332	
approximately 91 Myr ago (Cornejo-Castillo et al., 2016), the UCYN-A2 and UCYN-A3 333	
sublineages would have diverged more recently. The selection pressure showed a large-scale 334	
purifying or stabilizing pressure acting on the UCYN-A2 and UCYN-A3 sublineages. In fact, 335	
this may suggest that the last common ancestor of UCYN-A2 and UCYN-A3 sublineages 336	
were adapted to the same habitat (or to the same host) before they diverged into different 337	
sublineages. 338	
 339	
Partner fidelity  340	
The diversity of the UCYN-A nifH gene reported here is similar to other studies, with the 341	
sublineages UCYN-A1 and UCYN-A3 co-occurring in the open ocean and the sublineage 342	
UCYN-A2 co-occurring with UCYN-A4 in coastal waters (Farnelid et al., 2016; Turk Kubo 343	
et al., 2017) (Figure 1 and Supplementary Table 5). The co-occurrence of UCYN-A 344	
sublineages suggests that distinct ecotypes have overlapping niches. However, in this study 345	
UCYN-A1 was also found at the SIO Pier in two different years, where it had not been 346	
observed previously (Thompson et al., 2014). The different distributions of UCYN-A 347	
diversity in this coastal water might be explained by seasonal dynamics. In fact, there is 348	
evidence of temporal shifts of Synechococcus clades at the SIO Pier (Tai and Palenik, 2009) 349	
and the same potential environmental factors that result in shifts of Synechococcus clades 350	
could also similarly affect the distribution of UCYN-A sublineages.  351	
UCYN-A strains could potentially vary in their associations with different hosts. It is 352	
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currently known that UCYN-A1 and UCYN-A2 sublineages are specifically associated with 353	
distinct hosts (Cornejo-Castillo et al., 2016). However, with the increasing number of 354	
UCYN-A sublineages it is unknown whether new relationships involving new hosts and/or 355	
more ‘promiscuous’ UCYN-A strains may exist (Supplemental Figure 7). Despite being able 356	
to visualize the host-A1 (prymnesiophyte) using the same CARD-FISH probe at both 357	
stations, we could not identify the 18S rRNA gene of the BIOSOPE T60.34 sequence 358	
(GenBank accession no. FJ537341) at the SIO Pier using qPCR. This suggests that although 359	
the prymnesiophyte host cells from both stations look morphologically similar, they do not 360	
have identical 18S rRNA gene sequences. However, we assume that the UCYN-A1 host 361	
detected at the SIO Pier by CARD-FISH is closely related to the originally detected UCYN-362	
A1 prymnesiophyte host since the Host-A1 probe for CARD-FISH hybridized with the host 363	
(Figure 3A, B). Future analysis of 18S metabarcoding will be needed to explore whether 364	
UCYN-A1 is associated to a new prymnesiophyte host at the SIO Pier. 365	
 In contrast to the 3.3 UCYN-A2 cells per B. bigelowii reported by Thompson et al., 366	
(2014) (the authors assumed one copy of nifH in UCYN-A2 and one copy of the 18S rRNA 367	
gene in B. bigelowii), in our samples, we observed the opposite pattern, that is, the 18S rRNA 368	
gene copy number in the host-A2 (B. bigelowii) was almost 4 times greater than the nifH 369	
gene copy number in UCYN-A2. In 2005, Zhu et al. proposed that a protist with the size of 370	
the UCYN-A2 host, i.e. around 7 µm, should have approximately 40 copies of the 18S rRNA 371	
gene per cell. If we apply this rationale to our case, and taking into account that the 18S 372	
rRNA gene copy number of the host averaged 477 ± 37 copies mL−1, we would expect to 373	
detect in our samples around 12 UCYN-A2 nifH gene copies mL−1 (assuming 1 UCYN-A2 374	
cell per host). However, the UCYN-A2 nifH gene abundance was 121 ± 8 copies mL−1, 375	
suggesting 10 UCYN-A2 cells per A2-host, in agreement with previous observations 376	
(Cornejo-Castillo et al., 2016). 377	
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 The non-specificity of the UCYN-A2 host qPCR assay could explain the detection of the 378	
“UCYN-A2 host” at Station ALOHA (20 copies of the 18S rRNA gene mL−1) despite the 379	
absence or extremely low relative abundance of the UCYN-A2 sublineage based on both 380	
CARD-FISH and nifH sequencing respectively at Station ALOHA (Figure 1). However, 381	
these results along with the CARD-FISH analyses might suggest that UCYN-A3 could be 382	
associated with a different but closely genetically similar host to the host of UCYN-A2, but 383	
with a cell size intermediate between the sizes of the UCYN-A1 and UCYN-A2 hosts (3.61 ± 384	
0.67 µm (Figure 3G, H)). In the future, single cell sorting studies combined with nifH and 385	
18S rRNA gene sequencing should provide clues to the characterization of the different 386	
partnerships. 387	
 388	
Conclusions and future directions 389	
Our results obtained based on CARD-FISH counts, together with the UCYN-A nifH gene 390	
sequences and qPCR ratios provide new insights into the ecology, diversity and distribution 391	
of UCYN-A sublineages. The wide occurrence of multiple UCYN-A sublineages in 392	
symbiosis with prymnesiophyte hosts that vary in size suggests that UCYN-A may contribute 393	
to marine N2 fixation in multiple size-fractions. 394	
Moreover, thanks to the design of new CARD-FISH probes, this is the first study 395	
reporting microscopic images of the UCYN-A3 sublineage. In addition, a partial genome of 396	
the UCYN-A3 sublineage was reconstructed using a novel approach that combines fragment 397	
recruitment and genome assembly techniques. With the availability of these UCYNA-3 gene 398	
sequences, the recruitment of the whole genome and metatranscriptome should be possible in 399	
the near future. Thus, the discovery and characterization of new UCYN-A sublineages and 400	
their hosts will help to determine the significance of these biogeochemically relevant 401	
microorganisms.  402	
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Finally, as we learn more about the diversity of UCYN-A, it is clear that we must 403	
compare and validate different assays and methods. Furthermore, there is a great need for the 404	
development of molecular probes/primers that can specifically target distinct UCYN-A and 405	
host sublineages, which is critical for elucidating the ecology and the evolution of the 406	
UCYN-A symbiosis. 407	
 408	
 409	
 410	
Experimental Procedures 411	
Sampling procedures 412	
Samples were collected from the Scripps Institution of Oceanography (SIO) Ellen 413	
Browning Scripps Memorial Pier (32º 52´N, 117º 15.4´W) in La Jolla, CA between 28th July 414	
and 1st August 2014 and on the 14th July 2015. Surface samples (0 m) were obtained using a 415	
bucket at the end of the Pier. Samples were also collected from CTD casts at Station ALOHA 416	
(22º 45´N, 158º 00´W at 45m) during the C-MORE Cruise C-20 417	
(http://hahana.soest.hawaii.edu/hot/cruises.html) between 6-10th April, 2015. At each 418	
sampling site, water was collected in 2 L polypropylene bottles for CARD-FISH and 10 L 419	
polypropylene bottles for DNA, and was covered with black plastic until fixed or filtered. 420	
For the CARD-FISH assay, 190 mL of seawater was fixed in the dark for 1 hour at 421	
4ºC with 10 mL 37% formaldehyde (1.87% v/v final concentration) for two replicates. For 422	
each sample, 100 mL was filtered at a maximum vacuum pressure of 100 mm Hg onto 0.6 423	
µm pore-size polycarbonate membrane filter, 25 mm diameter (Millipore Isopore TM, EMD 424	
Millipore, Billerica, MA, USA) with a support filter of 0.8 µm pore-size, 25 mm 425	
polycarbonate cellulose acetate membrane filter (Sterlitech Corporation, Kent, WA, USA) 426	
and kept frozen -80º C until processed. 427	
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Duplicates of DNA samples from SIO were collected by filtering 500 mL of seawater 428	
through 47 mm, 0.22 µm pore-size, Supor filters (Pall Corporation, Port Washington, NY, 429	
USA) using a peristaltic pump. At Station ALOHA, 4 L samples were filtered onto 0.22 µm 430	
pore-size Sterivex cartridges (Millipore Corp., Billerica, MA, USA) using low pressure with 431	
a peristaltic pump. Filters were placed in sterile 2 ml bead-beating tubes with sterile glass 432	
beads and stored at -80 ºC until extraction. 433	
 434	
DNA extraction 435	
DNA extractions were carried out with a modification of the Qiagen DNeasy Plant Kit 436	
(Moisander et al., 2008). Briefly, 400 µL AP1 buffer was added to the bead-beating tubes, 437	
followed by three sequential freeze-thaw cycles using liquid nitrogen and a 65ºC water bath. 438	
The tubes were agitated for 2 min with a FastPrep-24 bead beater (MP Biomedicals), and 439	
incubated for 1h at 55ºC with 20 mg ml-1 proteinase K (Qiagen). Samples were treated for 10 440	
min at 65ºC with 4 µL RNase A (100 mg/mL) and then the filters were removed using sterile 441	
needles. The tubes were centrifuged for 5 min at 14,000 rpm at 4ºC, and the supernatant was 442	
further purified using the QIAcube automated extraction platform according to the 443	
manufacturer’s protocol (Qiagen). Samples were eluted using 100 µL AE buffer and stored at 444	
20ºC. 445	
 446	
  Quantitative PCR (qPCR) assay 447	
Taqman® qPCR assays were used to measure the abundances of UCYN-A1 and 448	
UCYN-A2 and their respective hosts (Church et al., 2005; Thompson et al., 2014) 449	
(Supplementary Table 1). Each assay used TaqMan® Gene Expression MasterMix 450	
(Invitrogen) at 1X concentration, 0.4 µM forward and reverse primers, 0.2 µM Taqman® 451	
probe and 2 µL of the DNA extract, for a final volume of 25 µL. 452	
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The four assays were initially incubated for 10 min at 95°C to relax target DNA, and 453	
data was collected at the end of each of 45 cycles of 15 s at 95°C and 60 s at 60°C for all 454	
assays except for the UCYN-A2 nifH gene assay that used an annealing temperature of 64°C.  455	
 Standards for each assay were included as positive controls and to quantify the copy 456	
numbers of nifH. Standards were generated using linear plasmids containing cloned inserts of 457	
PCR amplified genes from environmental samples containing either the UCYN-A1 or the 458	
UCYN-A2 nifH gene or the respective prymnesiophyte 18S rRNA genes (Host-A1/Host-A2). 459	
Standards were added to the environmental DNA samples to test for PCR inhibition. To 460	
investigate the relation between the cyanobacteria and host abundances, the ratio of UCYN-A 461	
per host was calculated estimating the rRNA gene copy number based on cell size in the host 462	
(Zhu et al., 2005). 463	
 464	
Double CARD-FISH assay 465	
The double CARD-FISH assay was carried out following the protocol designed by 466	
Cabello et al. (2015) and Cornejo-Castillo et al. (2016). The sequences of the probes used 467	
against UCYN-A, by targeting the 16S rRNA, and against the host, by targeting the 18S 468	
rRNA, are compiled in Supplementary Table 1. Following hybridization, the filters were 469	
rinsed in a washing buffer (9 mM NaCl, 5 mM EDTA, 0.01% SDS, 20 mM Tris-HCl pH 8) 470	
at 37°C, and the TSA reaction performed using the TSA™ Plus Cyanine 3 System (Perkin 471	
Elmer, Inc) for 10 min at room temperature in the dark following the manufacturer’s 472	
instructions. Filters were stained with 5 µg ml–1 DAPI (4′, 6- diamidino-2-phenylindole), 473	
mounted in antifading reagent (77% glycerol, 15% VECTASHIELD and 8% 20 Å~ PBS) and 474	
the micrographs were obtained using Leica SP5 Confocal Microscope at the University of 475	
California, Santa Cruz Life Sciences Microscopy Center. Filters were observed under 476	
ultraviolet (DAPI), blue (host stained with Alexa 488 in green) and green (UCYN-A stained 477	
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with Cy3 in red) excitation wavelengths. 478	
Microscopic observations and cell counting (100 associations per sample) were 479	
performed with a Carl Zeiss Axioplan-2 Imaging Fluorescent Microscope (Zeiss). Cell 480	
dimensions were estimated using AxioVision 4.8.1 and Image J software (Schindelin et al., 481	
2012) software. 482	
 483	
Sampling, generation and sequencing of single sorted cells 484	
Surface seawater samples (5 m deep, not pre-filtered, station TARA_078) were 485	
collected for single cell analysis from the South Atlantic Ocean during the circumnavigation 486	
expedition Tara Oceans. Replicated 1 mL aliquots of seawater were cryopreserved with 6% 487	
glycine betaine (Sigma) and stored at −80ºC. Single cell sorting of the picoeukaryotic 488	
community, Multi-displacement Amplification (MDA) of the sorted cells and preliminary 489	
16S rRNA screening with primers 27F (Page et al., 2014) and 907R (Lane, 1991) were 490	
performed at the Bigelow Laboratory Single Cell Genomics (scgc.bigelow.org). A nested 491	
PCR protocol was used to amplify an ~359 bp region of the nitrogenase nifH gene on single 492	
sorted cells, using degenerate primers: nifH3, nifH4, nifH1 and nifH2 (Zehr and Turner, 493	
2001). Polymerase Chain Reaction (PCR) products were purified and sequenced by 494	
Genoscreen (Lille, France) with OneShot Sanger sequencing. 495	
 496	
Design of the UCYN-A2 and UCYN-A3 CARD-FISH probes  497	
For the design of specific oligonucleotide probes targeting UCYN-A2 and UCYN-A3 498	
sublineages, 16S rRNA gene sequences including all the defined UCYN-A1 and UCYN-A2 499	
sublineages, and the UCYN-A3 16S rRNA gene sequence obtained from our sorted cells 500	
were aligned using MAFFT (Katoh et al., 2002). The newly designed probe UCYN-A2-1137 501	
(5’-CTTCCTAAAGTGCCCACCTT-3’) targeted the UCYN-A2 sublineage, while probe 502	
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UCYN-A3-1137 (5’-CTTCCTAGAGTGCCCACCTT-3’) targeted the UCYN-A3 503	
sublineage. UCYN-A2-1137 and UCYN-A2-1137 probes differed in only one position, and 504	
required a competitor in order to avoid unspecific hybridizations. Therefore, the labeled 505	
probe UCYN-A2-1137 was used in combination with the unlabeled UCYN-A3-1137 506	
oligonucleotide for the detection of UCYN-A2, and vice versa for the detection of UCYN-507	
A3. One helper, Helper UCYN-A2A3 (5’- CGGTTTGTCACCGGCAGT -3’) was designed 508	
to improve the hybridization process for both probes. The specificity of the new probes was 509	
checked with the online tool TestProbe (https://www.arb-silva.de/search/testprobe/) and by 510	
searching in the GenBank database (http://www.ncbi.nlm.nih.gov/index.html) to detect 511	
potential matching sequences in non-target groups. 512	
 513	
nifH gene amplicon sequencing and processing  514	
 UCYN-A nifH gene fragments were amplified using a nested PCR assay designed to 515	
amplify known UCYN-A diversity. The first round of amplification was carried out using a 516	
widely used universal nifH primer set, nifH3/nifH4 (Zehr and Turner, 2001) and the second 517	
round of amplification used newly developed universal UCYN-A nifH primers described in 518	
Turk-Kubo et al. (2017). The UCYN-A specific primers were both modified with 5’ common 519	
sequence linkers, to facilitate library preparation using a dual PCR strategy (Green et al., 520	
2015). UCYN-A nifH PCR amplicons were multiplexed with other samples for a targeted 521	
depth of coverage of ca. 40,000 sequences, and sequenced using the Illumina MiSeq platform 522	
(2 x 250 bp paired ends).   523	
 Raw reads were merged and quality-filtered (phred score of 20) using the PEAR 524	
aligner (Zhang et al., 2014), chimeras were removed using UCHIME (Edgar et al., 2011), and 525	
sequences were clustered at 99% sequence similarity using USEARCH v6.1 (Edgar, 2010) 526	
through QIIME (Caporaso et al., 2010). Cluster representatives with greater than 500 527	
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sequences (which accounted for 92% of all recovered sequences) were imported into ARB 528	
(Ludwig et al., 2004), where they were translated into amino acids and sequences with stop 529	
codons were removed. Representative sequences that passed all quality filter steps were 530	
aligned to existing UCYN-A alignments in a curated nifH database (Heller et al., 2014), and 531	
exported, along with representative sequences from each sublineage, for tree construction in 532	
MEGA6 (Tamura et al., 2013). Maximum likelihood trees were calculated using the Tamura-533	
Nei branch length correction and node support was determined with 1000 bootstrap 534	
replicates. Distribution data for the representative sequences was acquired from USEARCH 535	
v6.1 output files using qiime scripts, and visualized using the interactive tree of life (iTOL) 536	
web tool (Letunic and Bork, 2007). 537	
 538	
Fragment recruitment and UCYN-A3 genome reconstruction 539	
The analysis of the abundance of UCYN-A based on 16S miTAGs along 243 540	
metagenomes from 68 globally distributed stations from Tara Oceans expedition revealed 541	
only two stations, TARA_078 (30º 8' 12.12" S 43º 17' 23.64" W) and TARA_076 (20º 56' 542	
7.44" S 35º 10' 49.08" W) in the South Atlantic Ocean, where UCYN-A was significantly 543	
abundant (Cornejo-Castillo et al., 2016). Therefore, a total of 8 metagenomes spanning four 544	
size-fractions (0.2–3, 0.8–5, 5–20 and >0.8 μm) from these two sampling stations, 545	
TARA_078 and TARA_076) were analyzed for UCYN-A gene fragments. Both seawater 546	
collection and DNA extraction protocols for the different size-fractions and metagenome 547	
sequencing are described in Cornejo-Castillo et al. (2016). 548	
BLAST+ v2.2.25 was used to recruit metagenomic reads closely related to UCYN-A1 549	
and UCYN-A2 genomes using default parameters with some modifications: -perc_identity 550	
70, -evalue 0.00001. A reference database was constructed that contained the two UCYN-A 551	
genomes sequenced to date, UCYN-A1 and UCYN-A2. Metagenomic reads aligned to the 552	
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ribosomal operon were excluded from the analysis. Likewise, reads aligned over less than 553	
90% of its length were excluded to avoid random alignments. 554	
 A de novo metagenome co-assembly process based on fragment recruitment results 555	
was carried out to reconstruct a fraction of the UCYN-A3 genome (Supplementary Figure 4). 556	
Instead of using contigs from individual metagenomes, we used all reads closely related to 557	
UCYN-A1 and UCYN-A2 extracted from all 8 metagenomes to build the UCYN-A3 contigs. 558	
The criteria to select this subset of metagenomic reads was based on the identity shared 559	
between metagenomic reads and the reference genomes, as described in Caro-Quintero and 560	
Konstantinidis (2011). Reads with an identity between 80-95% to the reference genomes 561	
were assumed to belong to a divergent UCYN-A sublineage. Subsequently, these selected 562	
reads were assembled to build contigs using MEGAHIT v1.0.4-beta (Dinghua et al., 2015) 563	
with the following parameters: --presets meta-sensitive -m 0.97 -t 24. The metagenomic 564	
samples used for the novel genome reconstruction correspond to the 0.8-5 and >0.8 μm size-565	
fractions. No reads were found in the other size fractions. Every single reconstructed gene 566	
was compared to GenBank using BLASTN against the nt database to verify its taxonomic 567	
assignment to the UCYN-A clade. High-Performance computing analyses were run at the 568	
Marine Bioinformatics Service (MARBITS) of the Institut de Ciències del Mar (ICM-CSIC) 569	
in Barcelona (Spain). 570	
 571	
  Phylogenomic analysis of UCYN-A sublineages 572	
Sequence data for 165 protein-coding genes were used to estimate the evolutionary 573	
relationships of the new UCYN-A sublineage. These genes were extracted from the following 574	
cyanobacterial genome sequences: Cyanothece sp. PCC 7822 (NC_014501.1), Cyanothece 575	
sp. PCC 7424 (NC_011729.1), Cyanothece sp. PCC 8801 (NC_011726.1), Cyanothece sp. 576	
PCC 8802 (NC_013161.1), endosymbiont of Epithemia turgida EtSB (NZ_AP012549.1), 577	
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Cyanothece sp. ATCC 51142 (NC_010546.1), Pleurocapsa sp. PCC 7327 (NC_019689.1), 578	
Candidatus Atelocyanobacterium thalassa SIO64986 (UCYN-A2; JPSP00000000.1) and 579	
Candidatus Atelocyanobacterium thalassa ALOHA (UCYN-A1; NC_013771.1). For the new 580	
UCYN-A sublineage, these 165 protein-coding genes were extracted from the newly 581	
assembled contigs. All genes were independently aligned using the translation align 582	
MUSCLE algorithm implemented in the Geneious software (Geneious Pro 4.8.5). Once 583	
aligned, the 165 genes were concatenated and, as result, the combined sequence length was 584	
88,107 bp. Finally, a maximum likelihood phylogenetic tree was built using RAxML 585	
(Stamatakis, 2006) with 100 trees for both topology and bootstrap analyses. 586	
 587	
Accession numbers 588	
Accession numbers for PCR products of the UCYN-A3 sublineage: partial 16S rRNA 589	
gene (MH807559); partial nifH gene (MH815013). 590	
 591	
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Figure and tables 724	
Figure 1: Diversity and relative abundances of UCYN-A sublineages at the SIO Pier and 725	
Station ALOHA. A) Maximum likelihood phylogenetic tree constructed using partial nifH 726	
genes from the 12 UCYN-A OTUs with the highest relative abundances across the dataset 727	
and closely related UCYN-A and unicellular cyanobacterial sequences as reference 728	
sequences. UCYN-A OTUs recovered in this study are in bold, and were defined by 729	
clustering at 99% nucleotide identity. Nodes with bootstrap support greater than 50 and based 730	
on 1000 replicate trees are identified with a black circle; the size of the circle correlates to the 731	
bootstrap value, with larger circles on nodes with stronger bootstrap support. Sublineages are 732	
labeled to the right of the tree based on Thompson et al., (2014) and Farnelid et al. (2016). B) 733	
Relative abundances of these 12 UCYN-A OTU in each sample. SIO – Scripps Pier; ALOHA 734	
– Station ALOHA.  735	
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Figure 2. Size of the UCYN-A lineage at the SIO Pier and Station ALOHA Abbreviation: n, 737	
total number of cells observed using an Imaging Fluorescent Microscope. 738	
 739	
 740	
 741	
 742	
Figure 3. Micrographs of UCYN-A associations at SIO Pier and at ALOHA Station. 743	
Left panels (A,C,E,G), correspond to the epifluorescence microscopy images using the 744	
double-CARD-FISH assay showing the specificity of symbiont–host pairs. Right panels 745	
(B,D,F,H), correspond to the 4´-6-diamidino-2-phenylindole signal (DAPI; blue).  746	
SIO Pier:	 (A,B), UCYN-A1 with its prymnesiophyte partner labeled with the UCYN-A1-747	
732 and UPRYM69 probes with competitors. (C,D), UCYN-A2 association labeled with the 748	
UCYN-A2-732 and UBRADO69 probes with competitors. ALOHA Station: (E,F), UCYN-749	
A1 with its prymnesiophyte host labeled with the UCYN-A1-732 and UPRYM69 probes 750	
with competitors. (G,H), UCYN-A3 association labeled with the UCYN-A2-732 and 751	
UBRADO69 probes with competitors. Based on the sequencing results UCYN-A2 was 752	
absent at ALOHA Station, but UCYN-A3 was the second most abundant UCYN-A 753	
	 30	
sublineage. We assume this symbiosis was UCYN-A3, not UCYN-A2.  754	
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Figure 4: Metagenome fragment recruitment of UCYN-A lineages in size-fractionated 756	
metagenomes from surface waters collected at station TARA_076. Recruitment plot of 757	
metagenomic reads using UCYN-A1 and UCYN-A genomes as reference genomes. Reads 758	
are plotted as colored dots, representing the covered genome positions (x axis) and the % of 759	
identity with the UCYN-A1 (left) and UCYN-A2 (right) reference genomes (y axis). Reads 760	
with identity higher to 95% are considered to represent UCYN-A1 (red dots) or UCYN-A2 761	
(blue dots) populations respectively. Reads with identity lower to 95% were identified as new 762	
divergent UCYN-A population, UCYN-A3 (green dots). 763	
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Table 1. Presence or absence of each symbiont and its partner at SIO Pier and Station 765	
ALOHA based on the utilization of the different techniques. Gray boxes show the 766	
interpretation of the different results. 767	
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